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We study the extent to which the decay of cold dark matter axions can be probed with forthcoming
radio telescopes such as the Square Kilometer Array (SKA). In particular we focus on signals arising
from dwarf spheroidal galaxies, where astrophysical uncertainties are reduced and the expected
magnetic field strengths are such that signals arising from axion decay may dominate over axion-
photon conversion in a magnetic field. We show that with ∼ 100 hours of observing time, SKA
could improve current sensitivity by a factor of about five.
INTRODUCTION
Perhaps the most promising solution to the strong CP
problem involves the introduction of a new global U(1)
symmetry, which when spontaneously broken at high en-
ergies produces a pseudo-Nambu-Goldstone boson known
as the ‘axion’ [1–4] (see e.g. [5] for a recent review). De-
spite the small mass of the axion, non-thermal production
mechanisms in the early Universe allow for the possibility
that this particle accounts for the observed abundance of
cold dark matter [6–10]1.
The potential of simultaneously solving two of the
largest outstanding problems in particle physics has lead
to a large and diverse experimental program aimed at
probing the parameter space associated with axion dark
matter (see e.g. [11] for a review of experimental search
techniques). Many of these experiments have been fo-
cused on exploiting the conversion of axions to and from
photons, a process which occurs in the presence of a
strong magnetic field; this is the so-called Primakoff Ef-
fect. In this work, we instead focus on the often neglected
process of the spontaneous decay of the axion into two
photons, and show that near-future radio telescopes can
significantly improve existing sensitivity to axions with
masses ma ∼ 10−6 − 10−4 eV.
Here, we focus on the signal arising from on one par-
ticular class of astrophysical objects, dwarf spheroidal
galaxies (dSphs) – these are dark matter dominated ob-
jects with low radio background, and are thus capa-
ble of yielding significant unabated signatures of axion
dark matter. Conventional astrophysical searches for ax-
ion conversion (e.g. targeting the Galactic Center [12]
or highly magnetized pulsars [13, 14]), on the other
hand, typically require targeting highly uncertain envi-
ronments with many assumptions on e.g. the magnetic
1 It is worth noting that there has been a recent interest in the
community in searching for axion-like particles (ALPs); in such
models one sacrifices the ability to solve the strong CP problem
for the freedom to independently choose the mass and coupling
of the pseudoscalar [11].
field strength, the magnetic field distribution, radio back-
grounds arising from synchrotron emission and free-free
absorption, and the dark matter distribution.
The possibility of detecting axion decay in dSphs with
a radio telescope was first explored in [15], and to our
knowledge, not discussed since. The subsequent ∼ 20
years have provided significant improvement in the sen-
sitivity of radio telescopes and the discovery of many new
dSphs. In this work we evaluate the sensitivity of cur-
rent and future radio telescopes to axion decay in a va-
riety of known dSphs. In particular, we show that with
∼ 100 hours of observation, the Square Kilometer Array
(SKA) [16] can potentially improve the constraints from
helioscopes by half an order of magnitude depending on
the axion mass. For completeness, we also present a com-
parison of the signal arising from axion decay with that
produced by the process of magnetic field conversion.
THE SIGNAL
Axion Decay
The spontaneous decay of an axion with mass ma pro-
ceeds through the chiral anomaly to two photons, each
with a frequency ν = ma/4pi, and with a lifetime given
by
τa =
64pi
m3ag
2
, (1)
where g is the axion-to-two-photon coupling constant.
It is perhaps straightforward to understand why axion
decay has been largely neglected in the literature – if one
evaluates Eq. 1 for ma ∼ 10−4 eV and g ∼ 7 × 10−11
(i.e. the upper limit imposed by helioscopes), it is found
that the axion has a lifetime of ∼ 1030 years.
The observed power per unit area per unit frequency
from the spontaneous decay of an axion by a radio tele-
scope is then given by
Ssd =
ma
4pi∆ν
∫
dΩ d`
n(`,Ω)
τa
, (2)
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2FIG. 1. Ratio of the rate of spontaneous decay a→ γγ to the
conversion a→ γ in a spatially uniform magnetic field of mod-
ulus |B| as a function of the axion mass. While magnetic field
conversion is far more efficient at small axion masses, the rate
of spontaneous decay can be competitive for ma ∼ 10−5eV ,
depending on the value of the magnetic field. Approximate
magnetic field strengths for the Galactic Center (red), dSphs
(green), and the intergalactic medium (grey) are also shown
for comparison. Here, we have taken fa = 10
−6, which is
likely extremely optimistic for many large scale enviornments.
where ∆ν is the width of the axion line, given by ∆ν =
νcenterσdisp where σdisp is the dispersion of the line result-
ing from the velocity dispersion of dark matter within the
dwarf2, and n(`,Ω) is the axion number density at dis-
tance along the line of sight ` in the solid angle Ω. For
convenience, we define the astrophysical quantity
D(αint) =
∫
dΩ d` ρ(`,Ω) , (3)
which allows us to write Eq. 2 as
Ssd =
m2ag
2
64pi
D(αint)
σdisp
, (4)
where αint is the angle of integration defined between
the center of a given dwarf galaxy and the largest ob-
servable radius. From Eq. 4 it should be clear that
given a radio telescope, the dwarf galaxies providing the
best sensitivity to axion decay are those with the largest
D(αint)/σdisp. The angle αint depends on both the size of
the dishes used for observation and the frequency (and
thus the axion mass). The observed field-of-view of a
particular telescope is given by
ΩFoV ∼ pi
4
(
66λ
Ddish
)2
, (5)
2 Note that we assume here that the velocity dispersion of dark
matter follows that of the stellar component.
where λ is the wavelength of the observed photons and
Ddish is the diameter of the dish. Consequently, the max-
imum angle of the dwarf that can be probed is given by
αint ∼ 8.8×
(
GHz
ν
)(
1m
Ddish
)
degrees. (6)
Up until this point we have focused solely on the spon-
taneous decay of axions into photons. However, these de-
cays take place in background of CMB photons with the
same energy; this inherently enhances the photon pro-
duction rate via stimulated emission. The power emitted
by stimulated emission is given by
Pse = mag(ν)B21ρcmb(ν)∆N , (7)
where B21 is the Einstein coefficient, ρcmb(ν) is the ra-
diation density of CMB photons at a given frequency,
∆N is the difference between the number of axions and
the number of photons with energy ma/2 (which can be
approximated as just Na), and g(ν) is the spectral line
shape function (which we take to be a delta function).
Taking the Einstein coefficient to be
B21 =
(
pi2
ω3
)
1
τ
=
g2pi
8
, (8)
one can express the observed power per unit area per unit
frequency contributed from stimulated emission as
Sse = 2
m2ag
2
64pi
D(αint)
σdisp
(
1
ema/(2Tcmb) − 1
)
, (9)
which is identical to the contribution of the spontaneous
emission multiplied by two times the photon occupation
number. We emphasize that the aforementioned effect of
stimulated emission, described above using the language
of atomic physics, is entirely equivalent to the QFT com-
putation performed assuming a background of photons
rather than a vacuum. An identical result can be ob-
tained using the Boltzmann equation and applying the
limit in which the photon number density is much less
than the axion number density. The total observed power
Stotal is then given by the sum of Eq. 4 and Eq. 9.
Magnetic Conversion
Signals arising from the conversion of axions to pho-
tons while traversing through a perpendicular magnetic
field has been extensively studied in the context of both
terrestrial and astrophysical environments (see e.g. [12–
14, 17–22]). In this section we will make a number of
simplifying assumptions to estimate the potential signal
arising from axion conversion in a magnetic field under
rather optimistic assumptions. As shown below, the rate
of magnetic field conversion in large astrophysical envi-
ronments is almost certainly subdominant to the contri-
bution from axion decay, largely due to the suppression
3arising from the fact that realistic magnetic fields are not
homogenous.
In the case of a static magnetic field, the flux arising
from axion conversion is proportional to | ~B(|k| = ma)|2,
where ~B(~k) is the Fourier transform of the magnetic field.
It is often convenient to characterize this contribution in
terms of a characteristic magnetic field strength B0 and a
suppression factor f(ma), as | ~B(|k| = ma)|2 = B20f(ma)
(see e.g. Eq. 20 of [23]). Using this simplification, one
can calculate the observed power per unit area per unit
frequency from axion-photon conversion using [11, 23,
24]:
Sconv =
B20g
2
m2aσdisp
f(ma)
∫
VB0
dΩ d` ρ(`,Ω) , (10)
where the integration runs over the volume containing
the magnetic field, VB0 . Naively, one may expect the
astrophysical integral in Eq. 10 to be comparable to that
of Eq. 3. Should this be the case, one may approximate
the ratio between the rate of axion decay and the rate of
axion conversion as
Ra→γγ
Ra→γ
∼ m
4
a
64piB20 f(ma)
(
1 +
2
ema/(2Tcmb) − 1
)
. (11)
In Fig. 1 we plot Eq. 11, taking f(ma) ∼ 10−6 (a
value that will be motivated momentarily as extremely
optimistic), as a function of the axion mass for var-
ious magnetic field strengths ranging from 100µG to
10−4µG. For comparison, we have also highlighted in
Fig. 1 the approximate magnetic field strength expected
in the galactic center [25–29], dSphs [30], and the inter-
galactic medium [31, 32]. This first order comparison
between the rate of decay and magnetic field conversion
clearly illustrates an important point: the rate of axion
decay can supersede that of magnetic field conversion for
axion masses probed by radio telescopes.
At this point we emphasize that the suppression fac-
tor for large-scale astrophysical environments is likely
f(ma)  1. For example, it was shown in [23] that the
rate of axion conversion in the Galactic Center is generi-
cally is reduced by a factor of f(ma) ∼ 10−13, assuming
the magnetic field distribution follows a power law and
the coherence length in the Galactic Center is of order
∼ 1 pc. Thus the adopted value of f(ma) in Fig. 1 of
10−6 is likely incredibly optimistic, implying decay will
supersede that of conversion in most large scale environ-
ments. While the coherence length of the magnetic field
in dSphs is likely considerably smaller than that of the
Galactic Center, the length scales are still astrophysical
and thus should reduce the overall rate of conversion by
orders of magnitude. Thus it should be clear that axion
decay, and not magnetic field conversion, is the relevant
mechanism for the detection of axions in large-scale as-
trophysical environments.
Sensitivity
It is often conventional in radio astronomy to define
the brightness temperature induced by a flux Stotal as
T =
AeffStotal
2
, (12)
where Aeff is the effective collecting area of the telescope.
Provided astrophysical backgrounds are low, the mini-
mum observable temperature in a bandwidth ∆B given
an observation time tobs is given by
Tmin ∼ Tsys√
∆B × tobsNtele
(13)
where Ntele is the number of telescopes and Tsys consists
of a sum over sky and instrumental noise, as well as resid-
uals after background subtraction. For frequencies in the
central part of the SKA band, it is typically valid to as-
sume the sky temperature Tsky is subdominant to the
contribution from instrumental noise. Actually, because
we are interested in searching for narrow spectral lines,
the only backgrounds expected to be truly detrimental
are molecular lines3. However it seems reasonable to ne-
glect the possibility that photons arising in axion decay
directly coincide with the location of a molecular line.
For completeness, our estimation of the system tempera-
ture includes both the quoted 11K instrumental noise and
a frequency dependent contribution from the sky temper-
ature [16]. Throughout this analysis we will assume an
observation time of 100 hours and a bandwidth such that
at least two bins with the Nyquist width of the autocorre-
lation spectrometer are inside the axion signal [15], a feat
that should be easily achievable for SKA (note that SKA
is expected to have O(kHz) sensitivity [33], far below any
requirements imposed here).
Combining Eq. 12 with Eq. 13, one can estimate the
smallest detectable flux of a given radio telescope as
Smin = 2
Tsys
Aeff
√
∆B × tobsNtele
. (14)
DWARF GALAXIES
In this analysis we focus on signals arising in dSphs, as
these targets offer large dark matter densities and low ve-
locity dispersion. DSphs also make an intriguing target
for radio telescopes as the typical angular size of such
objects is roughly the same order of magnitude as the
3 That is to say that spectrally smooth backgrounds are expected
to be easily removed, implying the dominant background tem-
perature for a majority of the frequency range considered is set
by the instrumental noise.
4field of view. Note that this is not inherently true of the
Galactic Center, implying that radio telescopes can not
take full advantage of the larger column density in this
environment. It is also worth mentioning that targets like
the Galactic Center have (i) a larger velocity dispersion
and (ii) a larger magnetic field, where the former implies
a suppression of the flux and the later an enhancement
(large magnetic fields imply synchrotron emission, which
can enhance the stimulated emission factor). These coun-
teracting effects make it non-trivial to determine which
environment is more promising. Here, we choose to fo-
cus on dSphs, and leave a more careful analysis of other
environments to future work.
As previously stated, we restrict our analysis to only
the most promising dSphs, i.e. those producing the
largest D(αint)/σdisp. The value of D(αint) for a wide
variety of dSphs have been inferred from kinematic dis-
tributions (see e.g. [34–41]). In this work we use the
publicly available data provided in [35, 36] to determine
the value of D(αint)/σdisp at each αint. In Fig. 2 we show
the maximum value of D(αint)/σdisp for all dSphs consid-
ered in [35, 36] as a function αint, assuming the median
best-fit D(αint) (black line) and ±95% CI D(αint) (up-
per and lower green lines). The region bounded by the
±95% CIs has been shaded to illustrate the range of pos-
sible values. For each line and each value of αint, the
dSph giving rise to the largest value of D(αint) is identi-
fied. Note that the surprisingly continuous nature of the
lines in Fig. 2 arises from the fact that a number of dwarfs
considered have very similar values of D(αint)/σdisp (this
is why we have chosen to mark the transitions with a
vertical line segment). While the most promising dSph
candidates are Reticulum II, Willman I4, Ursa Major II,
and Draco, we emphasize that many of the dSphs con-
sidered here produce values of D(αint)/σdisp comparable
to those highlighted above; thus, the derived sensitivity
is not specific to a particular choice of dSph.
RESULTS
In this section we present the projected sensitivity for
the SKA-Mid, operated in the phase-2 upgrade which
assumes ∼ 5600 telescopes, each with an effective area
equal to the physical area of the single dish and a system
temperature of Tsys = 11K + Tsky(ν), where Tsky(ν)
is taken from [16]. We have also considered the sen-
sitivity for various current and future radio telescopes,
namely LOFAR, ASKAP, ParkesMB, WSRT, Arecibo,
GBT, JVLA, FAST and SKA-Low, which will be pre-
sented elsewhere.
4 It is important to note that Willman I has irregular stellar kine-
matics indicative of a recent tidal disruption event, and thus the
inferred distribution of dark matter may be untrustworthy.
FIG. 2. Factor D(αint)/σdisp as a function of the field of view
of the telescope. For each value of αint, we plot the median
(black line) and ±95% CI (green band) of D(αint)/σdisp for
the dwarf galaxies providing the largest sensitivity. Depend-
ing on the field of view of a given radio telescope, the optimal
dwarf galaxy is either Willman I, Reticulum II, Ursa Major
II, or Draco.
Fig. 3 shows the estimated sensitivity for SKA-Mid
(phase-2) to axion decay in dSphs. At each axion mass,
the sensitivity curves shown in Fig. 3 are produced us-
ing the dSph providing the largest D(αint)/σdisp, where
the width of the sensitivity band reflects the ±95% CL
of D(αint)
5. This result is compared with current con-
straints from helioscopes [43] and haloscopes [44–48, 51],
projected sensitivity from future experiments IAXO [49]
and ALPS-II [50], and with the QCD axion parameter
space as identified in [42] (light green region). Note
that in the pre-inflationary scenario, the predicted ax-
ion mass that accounts for all the dark matter has been
computed to be ∼ 26µeV [52], which lies precisely in the
range where the prospects of this paper are more rele-
vant. Our results illustrate that SKA could potentially
improve upon existing helioscope constraints by roughly
half an order of magnitude.
Before continuing, we comment briefly on the origin
of the improvement in sensitivity relative to the original
analysis performed in [15]. At low masses, the contribu-
tion from stimulated emission is significant; specifically,
5 One may wonder whether the sensitivity could be significantly
improved by performing a stacked dSph analysis, as is done
e.g. in gamma-ray searches for dark matter. Unfortunately, the
narrow field of view of radio telescopes implies they cannot simul-
taneously observe multiple dSphs, and thus a stacked analyses
performed using a fixed total observation time will not result in
an increased sensitivity, although it will reduce systematic un-
certainties.
5FIG. 3. Sensitivity of SKA to the axion dark matter pa-
rameter space. The solid red line (bands) denote the me-
dian (±95% CI) sensitivity to axion decay in the dSph pro-
viding the largest value of D(αint)/σdisp. Sensitivity esti-
mates are compared with the QCD axion parameter space
[42](light green), existing bounds from helioscopes [43], exist-
ing bounds from haloscopes [44–48], and projected sensitivity
for IAXO [49] and ALPS-II [50].
considering ma ∼ 10−6 eV, stimulated emission enhances
the signal by roughly a factor of 103 (which reduces to
a factor ∼ 10 for ma = 10−4 eV). With regard to tele-
scope sensitivity, SKA-Mid offers more than one order
of magnitude reduction in system temperature and an
enhancement in the effective area of ∼ 2 orders of mag-
nitude. Lastly, the discovery of new dSphs in recent years
has provided more promising astrophysical targets, sub-
sequently allowing for a 1-2 order of magnitude improve-
ment of the overall observed flux.
DISCUSSION
In this letter, we have demonstrated that axion decay
can be competitive with axion-photon conversion for ax-
ion masses probed by radio telescopes, depending on the
astrophysical environment. Therefore, it should be in-
cluded in the sensitivity studies searching for cold dark
matter axions with radio surveys. Among the many
candidate astrophysical sources, we have identified the
best nearby dwarf spheroidal galaxies as a function of
the telescope field of view. We have shown that SKA
can identify axion cold dark matter by observing the ax-
ion decay inside nearby dwarf spheroidal galaxies. Our
proposal complements new projects searching for cold
dark matter axions in the unexplored mass region near
ma ∼ 10−4eV [11]. Furthermore, we emphasize that the
sensitivity obtained here is competitive with the pro-
jected coverage of ALPS-II, although subdominant to
that of IAXO [49, 50, 53].
It should be understood that the projected sensitiv-
ity presented in this work represents what a particular
planned experiment can accomplished with known astro-
physical objects. In recent years, experiments such as
the Dark Energy Survey have dramatically increased the
rate of discovery of Milky Way dwarf galaxies, particu-
larly those that offer promise for the indirect detection
of dark matter [54–56]. With ongoing and future exper-
iments such as Gaia [57] and the Large Synoptic Survey
Telescope [58] providing unprecedented sensitivity to the
gravitational effects of dark matter in the Galaxy, one
may expect the rate of dwarf discovery to continue in-
creasing. If more promising dwarf targets are observed in
the near future, the projected sensitivity shown here may
prove to be conservative. It is important to bare in mind
that future instruments intended to perform this search
will require good frequency resolution, with a Nyquist
width of the autocorrelation spectrometer of ∼ 2 MHz at
100 GHz. Finally, we emphasize that even in the absence
of an axion detection, additional science can be obtained
from observations of dSphs – for example, molecular line
searches in dSphs can enhance our current understanding
of the limited star formation in these objects [59].
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